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Introduction
The magnetic-flux behavior in superconductors is the key phenomenon for its current-carrying proper-* Corresponding author. Permanent address: Institute of Solid State Physics, Russian Academy of Sciences, 142432 Chernogolovka, Moscow distr., Russian Federation.
ties useful for applications [ 1] . Usually, measurements of magnetic properties give only integral data with some ambiguities of interpretation. Direct study of the magnetic flux structure by means of the magneto-optical technique provides us with much more detailed information [4 ] . In the last few years this technique was further developed and successfully applied to high-temperature superconductors (HTSC's) 0921-4534/94/$07.00 © 1994 Elsevier Science B.V. All fights reserved SSDI0921-4534(94)00234-7 [5] [6] [7] [8] . We present here observations of perpendicular-field profiles by means of the unique high-sensitivity and high-contrast magneto-optical garnet indicator [ 8 ] which shows that the flux motion can be qualitatively changed in the presence of an additional strong longitudinal field. The latter geometry is often encountered in transport and magnetic measurements in both high-To and traditional superconductors. The additional constant field is a characteristic feature in torque, vibrating-reed and torsionpendulum experiments [9] [10] [11] because of the necessity to transform the induced magnetic moment into a measured mechanical moment. The effects of the qualitative change of the flux motion in this geometry have been discussed only very recently [ 2 ] . In the theoretical description of the vibrating-reed experiments in a linear diffusion approximation it was supposed that flux cannot move at the sample edges where no Lorentz force occurs because the flux lines are parallel to the vibration-induced screening currents.
The configurations in which currents are parallel to the vortex lines, the so-called force-free configurations, have been very actively investigated since their first experimental observations [ 12, 13 ] but mainly as a problem of purely academic interest and not in conjunction with any practically important phenomena [ 14, 15 ] . So far, the problem of the forcefree configuration has remained very controversial and numerous special experimental and theoretical works (see, for example, Refs. [16, 17] and references therein) do not answer the question whether stable force-free configurations exist or if these will be destroyed by flux-line cutting and reconnection. Usually the investigations are devoted to looking for the latter processes and their phenomenologieal description. A different instability of the force-free configurations starting from the edges, where already initially the magnetic field and current are not parallel [ 18 ] , as a rule is neglected. The possible role of the internal structure of the superconductors in this problem in fact has not been seriously discussed. The direct visualization of the flux behavior in the forcefree configuration can solve these problems.
The geometry with an additional longitudinal field allows us to directly resolve the peculiarities of the flux microstructure in the high-To superconductors. Namely, we show that YBazCu307 (YBCO) is not layered enough and behaves as a three-dimensional (3D) medium, where vortices form lines and perpendicular AC fields penetrate only along the direction of the longitudinal field, as was predicted by Brandt [ 2 ] . On the other hand, in the strongly layered Bi2Sr2CaCu208 (BSCCO) flux exists in the form of pancake vortices which may independently move in the layers and do not feel the longitudinal field [ 3 ] .
Experimental
The description of modern magneto-optical techniques can be found elsewhere [6] [7] [8] [9] . Two kinds of the magneto-optical layers for the magnetic flux structure visualization are currently used for investigations: Thin films of europium chalcogenides directly deposited onto the superconductor surface and thus yielding high spatial resolution of 1 ~tm [5, 6] , and industrially prepared special ferrimagnetic garnet films having a high field sensitivity and providing non-destructive testing of samples [ 7, 8 ] . In this work we use a garnet film with in-plane magnetic anisotropy which has no coercitivity for perpendicular magnetization and can reveal fields from 10 ~tT to 0.3 T. The essential idea of the technique is as follows. The magnetic field Bz normal to the sample surface (x, y) is mapped by Faraday rotation of polarized light reflected from an aluminium mirror on the bottom surface of the indicator film which contacts the sample. Dark areas on the presented photos are Meissner phase areas with Bz=0. In the bright areas, into which the normal component of the field has penetrated, a higher intensity of images corresponds to higher absolute values of Bz. The constant in-plane magnetic field, Bx= 175 mT. is generated by a permanent magnet and is directed horizontally on all figures. The normal component of the field, Bz, is applied by a coil and can exceed 200 roT.
We chose three different samples for the demonstration of our novel effect. The first is the same partly detwinned YBa2Cu307 single crystal, 2 X 1 X 0.1 mm 3, (Fig. l(a) ) with Tc=87.7 K on which many-peak losses have been measured [11 ] . The second is a BSCCO (Bi2.xoSrl.89Cao.99Cu2Ox) big single crystal, 5×2X0.09 mm 3, of very high quality (Tc=86 K). The third is a 1.5 X 1.5 mm 2 YBCO thin film with a thickness of 680 nm, the crystallographical c-axis perpendicular to its surface and prepared by laser ablation on TiSrO 3 substrates (Tc=89 K). Some other samples of each type also investigated demonstrate the same results.
Results and discussion
If we apply a magnetic field perpendicularly to the (ab) surface of the YBCO single crystal, this field typically penetrates almost equally from all sides, forming a double-Y figure which is characteristic for rectangular superconductors in the critical state. After switching offthe field, the flux partly escapes also isotropically (Fig. 1 (b) ). So, even in a crystallographically anisotropic detwinned YBCO crystal the pinning-force density is approximately isotropic in the basal plane (ab).
The situation drastically changes with application of a permanent field Bx along the basal surface. The perpendicular field now penetrates ( Fig. 1 (d) ) and escapes ( Fig. 1 (e) ) only in the direction of the inplane field (x-direction), similarly as was predicted by Brandt for the flux diffusion in this geometry [2 ] . So, in the presence of an additional in-plane field we obtain an extreme anisotropy of the flux motion, as can be clearly seen from comparison of the two remanent states (b) and (e) in Fig. 1 . The latter clearly demonstrates that even after application of Bz higher than the constant Bx no flux penetration occurs across the in-plane field. A small amount of penetrated flux along the long edgeswould be observable in Fig. 1 (b) as a strip of captured flux.
The anisotropy in this new critical state can be explained as follows. The application of B~ generates a screening current in the xy plane which is partially parallel and partially perpendicular to Bx (see Fig.  1 (e) ). In the former case there is no (or at least a much smaller) driving force on the longitudinal vortices while in the latter case there is. The former is analogous to the force-free current configuration which was first discussed 30 years ago (see references in Ref. [ 14 ] ) and which is still a topical problem now [ 15, 16 ] . Thus, contrary to the case B,= 0 where the supercurrent density j in any direction is limited by its critical valuej¢ (isotropic current limiting), in the presence of Bx, the component j, does not produce a large enough driving force and can be much larger than j~ (anisotropic current limiting). The pictures of the corresponding current distributions are presented in Figs. 1 (c) and (f) , where the transformation of the double-Y structure of magnetic flux, occurring without an additional field, into a H-shape structure in the presence of B, is shown.
In the same experiment on the BSCCO single crystals no decrease of the flux flow perpendicular to the longitudinal field is observed (Fig. 2) . Contrary to the case of YBCO, penetration of the perpendicular field in BSCCO is independent of the presence of the in-plane field. This effect is clear and direct evidence for the existence and independent motion of pancake vortices in this layered superconductor (see the model blow).
Thin films can be treated as an intermediate case. The c-oriented square YBCO thin film exhibits a much lower current-limiting anisotropy (Fig. 3) than the YBCO crystal. Application of Bx splits the characteristic cross of lines dividing the sectors of uniform current flow of densityjc along the square sides ( Fig. 3(a) ) into an anisotropic current configuration (Fig. 3 (b) ). Such a configuration looks similar, but evidently is of quite a different nature, as that described in high-To single crystals which have anisotropic jc values in the plane parallel to the c-axis [20] . The anisotropy induced by Bx is more pronounced at higher temperatures as follows from the temperature dependence of the length b defined in the inset of Fig. 3 (c) which was measured in the remanent state after applying a field Bz= 200 mT. The length b characterizes the difference of the longitudinal (Jcu) and transversal (j¢±) critical currents since one can show that b/a= 1 -Jc±/J¢~ where a is the size of the square. The observed increase of b is not only caused by the temperature change of the superconducting parameters, but also is due to the trivial decrease of the captured normal-field component with decreasingjc compared to the constant Bx. This is evident by a decrease of b during further increase of Bz after reaching the critical state. The thickness of the present YBCO film is larger than 2. In thin-film structures with thicknesses less than or approximately equal to 2 the induced anisotropy was not detected. A similar reduction of the effect of the force free current configuration in thin films was already observed in transport measurements [21, 22 ] .
The difference between the three investigated cases is illustrated in Fig. 4 . The usual Abrikosov vortex lines in a thick slab are parallel to the field, and a current flowing along the longitudinal-field component affects only the perpendicular parts of the vortex lines, whereas the pinning force acts on the whole vortex lengths (Fig. 4(a) ). In thin films, the appearance of in-plane vortices is energetically not favorable: The vortices are almost perpendicular to the surface even if the field is nearly parallel to it and the superconductor itself is isotropic (Fig. 4 (h) ) [23] . In B SCCO, pancakes are independently pinned, and Josephson strings connecting them do not feel pinning centers (Fig. 4(c) ). So, in the two last cases, the penetration of Bz should be independent of Bx. The corresponding independence of Bx was detected in numerous integral measurements (see e.g. Ref. [3] ), but it should be pointed out that the same effect was sometimes observed in YBCO, whereas in our experiments (performed at relatively low fields) the vortices behave as strongly coherent vortex lines. The latter discrepancy can be explained by considering the effect of the anisotropy on the magnetic moment. For example, in an isotropic square with sides a and thickness d, the maximum magnetic moment is ~jeda 2. For the same square in the presence of Bx, longitudinal-current densities up to the depairing current are in principle allowed (see Fig. 1 (f) ) resulting in a magnetic moment which is only slightly higher, ~jcda 2. Thus, our magneto-optical observations reveal the dimensionality of the vortex lattice more clearly and with higher precision than the traditional measurements of integral quantities, i.e. magnetization, torque. 
Conclusions
The direct observation of flux motion in the forcefree configuration and investigations of its dependence on the structure of superconductors are reported for the first time. In a 3D superconductor like YBCO the force-free configuration can be very stable and the perpendicular-field component will not penetrate through the existing array of longitudinal vortices, contrary to some integral measurements [ 16 ] . Such a cross-penetration can take place in materials with some internal weak connections like BSCCO, where vortex lines can easily be cut and reconnected or are already decomposed into independent pancake vortex lattices and Josephson vortices. In finite samples ofa 3D superconductor there is only one way for the transverse component to penetrate, namely, the penetration from the ends where the force-free configuration is not realized. Finite-size effects can also lead to the destruction of the force-free effect as is found in our thin films. Force-free configurations are not an artificial concept, but do occur in numerous routine experiments. Their sensitivity to vortex-line cutting and reconnection can be used as a powerful tool to study this phenomenon and obtain additional information about the effective flux dimensionality in high-To superconductors, which is presently one of the most actual problems. This method is physically analogous to the transport measurements in the flux transformer geometry which also reveal decomposition of the vortices into pancakes in BSCCO [ 24 ] and continuous vortex lines in YBCO [25 ] , but does not need electric contacts.
